Mosses are an important component of the boreal forest, but little is known about their contribution to ecosystem carbon, water, and energy exchange. We studied the role of mosses in boreal forest evapotranspiration by conducting two experiments in a black spruce forest in Fairbanks, Alaska. Moss evaporation was measured using lysimeters filled with Hylocomium splendens or Sphagnum capillifolium. Microclimate and moisture content were varied by placing the lysimeters in different habitats (dense forest, open forest, bog), and by manipulating the water supply (no water, natural rainfall, water added). Moss evaporation rates between 1 June and 8 September averaged 0.3, 0.9, and 1.5 mm dayp1 in the dense forest (Hylocomium), open forest (Hylocomium and Sphagnum), and bog (Sphagnum) respectively. Assuming a total forest evapotsai~spiration rate of 2 mm dayp1, this study shows that moss evaporation contributes considerably to boreal black spruce forest evapotranspiration. Moss evaporation rates depended strongly on the openness of the forest and to a lesser degree on the density of the vascular plant-canopy and on moss species. The strong influence of habitat suggests that microclimate is the primary factor determining moss evaporation rates. Hylocomium evaporation reacted strongly to experimental water additions, indicating that precipitation frequency is an important factor in addition to microclimate for this species. The large moss evaporation rates in this study suggest a potential cooling effect of mosses, of Sphagnum in particular.
Introduction
Alaska and Canada show large differences among ecosys-
[2] Climatic change at high latitudes is expected to be among the largest and most rapid of any region on the Earth [Intergovernmental Panel on Climate Change (IPCC), 20011. Annual temperatures measured at Alaskan weather stations have increased by 0.3"C per decade during the twentieth century [Keyser et al., 20001 . Ecosystems are not just passive recipients of climate warming, but the terrestrial biosphere is also a major player in lhe climale syskm. Boreal forest ecosystems constitute the second largest biome on Earth; they occupy 10% of the total global land area and account for approximately 20% of the world's reactive soil carbon pool [McGuire et al., 19951 . That natural ecosystems are globally important sinks and sources for greenhouse gases is widely recognized, but ecosystems may also affect climate at the regional scale by coi~trollii~g energy fluxes [Chapin et al., 2000bl . Field measurements in tems in the absorption of solar radiation, because%f differences in albedo, and in the partitioning of available energy over sensible (air warming), latent (evaporation), and ground (soil warming) heat fluxes [Mcbadden et al., 1998; Baldocchi et al., 20001 . Model simulations show that these differences are large enough to affect the regional climate [Chapin et al., 2000al. [3] Mosses are an important component of tundra and boreal forest ecosystems, where they often dominate the ground cover [Oechel and Van Cleve, 19861 . Black spruce is the most widespread boreal forest type in North America; in interior Alaska it covers 44% of the area [Kereck et al., 19861 . The boreal black spruce forest is relatively open, due to the narrow canopy and low density of trees. A substantial proportion of solar energy therefore reaches the forest floor, resulting in a significant role for the understory vegetation in energy exchange [Baldocchi et al., 20001 . Mosses may have strong effects on the ecosystem. They insulate the soil, intercept atmospheric nutrients, and decompose very slowly, spruce forests [Van Cleve et al., 19831 . If mosses are removed by fie, the resulting increase in soil temperature may lead to melting of ice-rich permafrost and additional carbon release from the soil.
[A] Mosses are fundamentally different from vascular plants with respect to water exchai~ge with the atmosphere. Because they lack stomata1 control and have a large surface area, they can evaporate water at higher rates than open water surfaces. This makes mosses an important contributor of water loss from many boreal and arctic ecosystems [McFadden et al., 19981. Bridgham et al. [I9991 observed larger evapotranspiration in moss-dominated bog plots than in scdgc-dominatcd fcn plots, contributing to lowcr soil temperatures in the bog plots. If mosses would be replaced by vascular plants, which was observed in a long-term warming experiment in the arctic tundra [Chapin et al., 19951 , this would enhance sensible heat flux and regional warming. Despite these potentially strong effects of mosses, very little research has been conducted on them, and they are poorly represented in models used to predict effects of climate change on boreal ecosystems [Beringer et al., 2001; Amthor et al., 20011 . Recent eddy covariance measurements have resulted in energy exchange data for boreal forests [Eugster et al., 2000; Chambers and Chapin, 20031 , but these whole-ecosystem measurements do not differentiate for the effects of species or fbnctional groups within the ecosystem.
[s] The aim of our study was to analyze the role of mosses in boreal forest evapotranspiration. Our research questions were: What is the contribution of mosses to black spruce forest evapotranspiration? Are there differences amnong moss species? Which are the importamit comitrols on moss evaporation? In order to answer these questions we conducted two experiments in an Alaskan black spruce forest using lysimeters. The lysimeters consisted of plastic containers filled with intact mossisoil columns of Hylocomium splendens or Sphagnum capillijoliurn, two important moss species of this boreal forest. By repeatedly weighing thcsc lysimctcrs, changcs in watcr storagc wcrc mcasurcd, and by correcting for water inputs, evaporation was determined. In the habitat experiment we measured moss evaporation rates in dense forest, open forest, and bog habitats and studied the effect of shelter by vascular plants. The presence of vascular plants may reduce water loss, mainly by reducing wind speed at the moss surface [Heijmans et al., 20011 , and thereby also protect the mosses from desiccation [Nichols and Brown, 19801 . In the moisture experiment we manipulated water supply in order to vary the moisture content of the moss surface.
Methods

Site Description
[6] Both lysimeter experiments were conducted in a black spruce forest in Fairbanks, central Alaska (64"52'N, 147"51rW, . This malure boreal foresl is situated on a north-facing slope underlain by permafrost and exhibits a gradient from dense forest on the midslope to open forest on the lower slope to bog toward the valley bottom. Black spruce (Picea mariana) is the dominant tree species over this entire gradient. Characteristics of the tree [7] The black spruce forest consists mainly of the open forest type. The understory is dominated by low shrubs: Ledum groenlandicum (Rhododendron groenlandicum), Vaccinium vitis-idaea, and Vaccinium uliginosum. The ground is almost completely covered by a moss layer with Hylocomium splendens, Sphagnum capillfoliurn, and Tomenthypnum nitens as dominant species. In the dense forest, the understory vascular plant layer is sparse and the ground is completely covered by feathermosses, mainly Hylocomium splendens. In the bog, the understory is dominated by low shrubs. In addition to the open forest species, Andromeda polfolia and Vaccinium oxycoccus are locally abundant. The moss layer consists of several Sphagnum species, such as S. fuscum, S. capillfoliurn, and S. magellanicum.
[s] The regional climate is strongly continental with a mean January temperature of 2 2 . 8 " C and a mean July temperature of 16.7"C at Fairbanks Airport, 5 km from the study site (National Climatic Data Center, 1971 -2000 . Mean annual temperature is 3 . 3 " C , and average annual precipitation is 263 mm. Most precipitation falls as rain in the summer months. Summer 2002 temperatures were near the monthly means, but July and August were much wetter than normal (Alaska Climate Research Center, Alaska monthly weather summaries).
Habitat Experiment
[9] We filled 48 plastic containers of 16 cm diameter and 15 cm depth with intact mossisoil columns of Hylocomium or Sphagnum. These lysimeters were inserted in 12 sites, four in each of the three habitats: dense forest, open forest, and bog. Within each site, the containers were placed in palches of open moss vegelalion or in palches of denser and taller vascular plant vegetation. The experimental design was thus two moss species by two surrounding vegetation types in three habitats, replicated 4 times. Within each site and surrounding vegetation type, the Hylocomium and Sphagnum containers switched position every 2 weeks.
Vascular plants in the moss containers were clipped off at the beginning and halfway through the experiment.
[lo] The lysimeters were weighed weekly, starting on the fist of June and ending on 9 September. In order to mimic the natural moisture conditions, the lysimeters were drained whenever there was standing water within the lysilneter but not in the hole containing the lysimeter. This situation occurred after heavy rainfall, particularly in the dense forest sites, where there was never standing water outside the lysimeter. The amount of water drained was accounted for in the calculation of moss evaporation.
[II] At each site, one or two (dense forest sites) rain collcctors wcrc installcd in ordcr to dctcrminc watcr inputs. The rain collectors were plastic 1-L bottles with a hnnel (diameter 13 cm) attached to a wooden pole at a height of approximately 30 cm. The bottles were weighed and emptied each time the lysimeters were weighed. Stems of vascular plants hanging over the lysimeters were clipped off to prevent deviating rain input.
[12] At the end of the experiment we cut a core of 7 cm diameter from the center of each lysimeter and dissected it in 0-5, 5-10, and 10-15 cm layers. In the 0-5 cm layer (live moss) we counted shoot density. The remainder of the mossisoil column was also taken to the laboratory and all parts were weighed after drying at 60°C to determine moisture contents and bulk density.
[13] In order to quantify site differences, we determined basal area at each site. In a 10 x 10 m plot we measured basal diameter and estimated height of each tree and shrub taller than 1 m. At the end of the experiment, the aboveground vascular plant vegetation was clipped off in a circle of 15 cm diameter around each lysirneter. The plant material was dried at 60°C for 4 days before weighing. [14] We filled 45 containers, the same size as in the habitat experiment, with intact mossisoil columns of Hylocomium, Sphagnum, or Polytrichurn juniperinurn and placed them in five open forest sites. Although Polytrichurn is not an important moss species in this forest, it was added to the experiment because of its special water conducting capacity. The Polytrichurn columns were collected from the side of a trail in the dense forest. At each site, three moisture treatments were applied to the containers in order to vary the moisture contents of the moss. The roof treatment consistcd of transparcnt roofs (transparcnt plastic dishcs of 28 cm diameter) placed over the moss containers at a height of 15-20 cm using thin metal stakes so that wind disturbance would be minimal. This treatment was intended to gradually reduce the moisture content of the lysimeters. In the water-added treatment, 5 mm water was added three times a week in addition to the natural rainfall, approximately doubling the normal August rainfall. The control treatment received natural rainfall. The experimental design was three moss species by three moisture treatments, replicated 5 times.
Moisture Experiment
[IS] This experiment lasted for 2 weeks in mid-summer. The lysimeters were weighed daily, except on Sunday. Within each site, the containers changed position 3 times a week. Each site had one rain collector, the same as in the habitat experiment. Stems of vascular plants hanging over the containers were clipped off. At the start of the experiment, vascular plants in the moss containers were clipped off, and all containers were drained, as there had been heavy rainfall in the days before the experiment started. Thus the lnoisture content of the containers was at field capacity when the experiment started. The first week of the experiment was dry, so the roof and control treatment were not different. At the start of the second week, we added 5 mm to the control lysimeters and 10 mm to the water-added containers. The second week a total of 19 mm of rain was collected.
[16] Aftcr wcighing for thc last timc, wc cut a corc of 7 cm diameter from the center of each lysimeter and treated it in the same way as in the habitat experiment. After finishing the experiment, three empty containers were placed back at each site to test the rain collectors and the roofs. At each site, one empty container was placed under a roof and small styrofoam balls were added to one other container to cover the water surface in order to limit evaporation. The containers were weighed regularly until the end of September. The amounts of water in the containers with a styrofoam ball layer were in exact agreement with the amount of rainfall determined from the rain collectors. It appeared that the containers under a roof received 1.4% of natural rainfall. This percentage was used to correct water inputs to the roof containers during the experiment. [17] TO determine the effects of site conditions, moss species, and moisture treatments on moss evaporation rates, we used analysis of variance (ANOVA) with habitat, surrounding vegetation, moss species, and moisture treatment as independent (fixed) factors. The design of the habitat experiment was a fully crossed factorial with three habitat types, two surrounding vegetation types, and two moss species, with four replicates of all combinations. The design of the moisture experiment was a hlly crossed factorial with three lnoss species and three lnoisture treatments, with five replicates of all combinations. When necessary, data were LN transformed to achieve homogeneous variances. Statistics were calculated using SPSS for Windows (10.0). [18] Basal area differed distinctly between the dense forest, open forest, and bog habitats (Table 1) . Although tree density was highly variable, there was remarkably little variation in basal area within the habitats. The trees in the dense forest were on average thicker and taller than in the open forest. There were also more tall shrubs (alder and willow) in the dense forest than in the open forest, and these were included in the basal area. The bog had fewer trees and smaller trees than the open forest. There was less understory vascular plant biomass in the dense forest than in the open forest and bog ( [19] The habitat had a very strong influence on moss evaporation (Figure 1, Table 3 ). Moss evaporation in the dense forest was only one quarter of that in the open forest, and in the bog the mosses evaporated on average 50% more than in the open forest. Surrounding vegetation type and moss species also had significant effects on moss evaporation (Figure 1, Table 3 ). Moss evaporation was larger when the lysimeters were surrounded by relatively open moss vegetation than by denser and taller vascular plant vegetation. Sphagnum evaporated more than Hylocomium, except in the dense forest (Figure 1) .
Data Analysis
Results
Habitat Experiment
[zo] The difference between the moss species was relatively small over the entire period of measurement, but the species effect depended on the weather conditions. In rainy weeks, there was no species difference at all, but in dry weeks, evaporation from the Sphagnum containers was 1lluc11 larger than in the Hylocorniurn containers, particularly in the bog (Figure 2 , Table 3 ). The dry week in Figure 2 was sunnier than the preceding rainy week. As a result, Sphagnum evaporation increased, while Hylocomium evaporation did not.
Moisture Experiment
[zl] The moisture experilllent altered the moisture content in the containers of all species (Table 4) . However, the moisture treatments only had a significant effect on evaporation from Hylocomium containers (Figure 3) . Over the entire period of measurement (2 weeks) the Hylocomium containers under a roof evaporated significantly less than the containers to which water had been added. For the daily evaporation rates, it appears that Hylocoiniuin reacted strongly to the water additions (Figure 4) . On the days when water was added (in the morning) and the other containers received no rainfall, evaporation was strongly increased. However, the following day, this effect no longer present. The amount of water added did not seem to matter very much. When 10 mm was added instead of 5 (5 August), the increase in evaporation was as strong as in the control containers which received 5 mm that day (Figure 4) . [22] MOSS evaporation over the entire period was largest from Sphagnum lysimeters (Figure 3 ). When the mosses were moist, as in the first days of the experiment or on rainy days, there were no differences among the moss species ( Figure 5 ). On the third day of the experiment, Hylocomium evaporation became significantly less than Polytrichum and Sphagnum evaporation. In the following days, Polytrichurn evaporation was intermediate between Sphagnum and Hylocomium evaporation (Figure 5 ), although the Polytrichum containers had by far the lowest moisture content (Table 4) .
Discussion
Effect of Lysimeters
[z3] The lysimeters worked very well for measuring moss evaporation. We took care to keep the moisture conditions in the containers as natural as possible. Only in the frst weeks the Sphagnum lysimeters in the bog sites looked drier than the surrounding Splzagrzum. Apparently, the Splzagrzum outside the containers could wick up water from the melting ice below, when the permafrost was still near the surface in early June. When we noticed water accumulating in the dense forest lysimeters, we began draining these. In August, Table 3 . when there was frequent rainfall and low evaporation, the mosses in the containers might have been wetter than in the natural situation due to the draining frequency of only once a week. However, although the moisture conditions in the lysimeters were not always the same as in the natural situation, it is very unlikely that this influenced the evaporation rates very much. 'The moisture experiment shows that Sphagnum evaporation was not affected by the moisture content (Figure 3) , and although Hylocomium evaporation reacted strongly to water additions, water accumulated in [24] Unfortunately, we cannot compare our moss evaporation rates directly with simultaneously measured total forest evapotranspiration rates. However, earlier work on water vapor fluxes in boreal coniferous forests shows that the total forest evapotranspiration rates are relatively consistent, showing growing season evapotranspiration rates around 2 mm dayp1 (Table 5) [Kelliher et al., 19971 . This is remarkable given that atmospheric conditions, time of season, species composition, and tree density differed among studies. The largest evapotranspiration rate in Table 5 is for an open forest [Lajeur, 19921, but + SE (n = 5 containers, five rain collectors for precipitation).
Arrows indicale days when wakr (5 mm) was added lo lhe water-added containers. At the start of the second week (5 August), 5 and 10 mm were added to the control and water-added containers, respectively. Stars denote days with significant treatment effect: one star: P < 0.05; two stars: P < 0.01; three stars: P < 0.001. + SE (n = 5 containers, five rain collectors for precipitation).
The arrow indicates the day that water (5 mm) was added to all control containers. Stars denote days with significant differences between the moss species: one star: P < 0.05; two stars: P < 0.01.
too few data to conclude that open forests evaporate more than dense forests. Russian Sphagnum bog sites had a lower Bowen ratio (ratio of sensible to latent heat flux) and evaporated more than nearby coniferous forest sites [Schulze et al., 19991 , suggesting that total evapotranspiration could be higher in the open forest where Sphagnum is part of the moss layer.
[2s] Even though the forests in Table 5 are all on moist soils (peat or silt loam), the total evapotranspiration rates are low compared to boreal deciduous forests and wetlands [Baldocchi et al., 20001 . This is explained by the general low productivity of black spruce forests due to the cold and nutrient-poor soils on which they grow [Baldocchi et al., 20001 . Still, these low evapotranspiration rates seem to be larger than in boreal coniferous forests on dry soil (sand), as indicated by a larger Bowen ratio for the pine forests in both the Canadian (BOREAS) and Siberian boreal forest flux measurement campaigns [Baldocchi et al., 2000; Schulze et al., 19991. [26] If our black spruce forest in Fairbanks also evaporates at a rate of 2 mm dayp1, then the moss contribution to total forest evapotranspiration would be considerable, particularly in the more open part of the forest. In the dense forest, moss evaporation (Hylocomium) would be 15% of total forest evapotranspiration, and in the open forest, the mosses (Hylocomium and Sphagnum) would contribute 45% to total forest evapotranspiration. Other studies also found considerable contributions of the understory to total forest evapotranspiration, varying from 15% in a dense forcst [Grelle et al., 19971 to at lcast 50% in an opcn forcst (LaJeur [1992] , who did not measure understory evapotranspiration, but found that tree transpiration was only 20% of total forest evapotranspiration) ( Table 5 ). The large Sphagnum evaporation rates in our bog sites are also in accordance with earlier reported large moss contribution to evapotranspiration in ombrotrophic mires [Heijmans et al., 2001; Kellner, 20011. 
Effect of Habitat
[27] Mosses can contribute considerably to total forest evapotranspiration, but the size of the contribution depends on the openness of the forest. Although we had expected this, we were surprised about the large magnitude of the habitat effect (Table 3, Figure 1 ). The habitats differed very distinctly in basal area, which might well correlate with the microclimate at the forest floor. Busby et al. [1978] , who made microclimate measurements in an adjacent bog and dense forest site, found that the largest differences between the sites were for radiation and wind. Air temperature and vapor pressure deficit were not much different between the sites. Our own air and soil temperature measurements also showed no differences between the habitats in mean temperatures, but diurnal variation was 1lluc11 larger in the more open sites (unpublished data). In this study we could not discern whether radiation or wind was the most important factor. It has been shown that wind had a strong influence on Sphagnum evaporation in bog vegetation [Heijmans et al., 20011 . [28] In addition to the habitat effect, the density of the surrounding vascular plant vegetation had a consistent effect on moss evaporation rates, probably also through effects on the microclimate. This effect was, however, much less than the habitat effect; in the dense forest, the moss evaporation rates were by far the lowest, despite a much sparser vascular plant layer in the understory. Another difference between dense and open forest was that the morphology and density of Hylocomium in the dense forest was different fkom in the open forest. In the dense forest, shoots were larger and shoot density was less than in the open forest (data not shown). The loose growth form in the dense forest might enable larger evaporation rates when the moss is moist due to larger surface area, but increases the risk of desiccation relative to the compact growth form in the open forest. However, the Hylocomium never looked dry in the dense forest. Apparently, Hylocomium can afford to have a looser growth form in the dense forest. The compact growth form in the open forest might well be an adaptation to the larger evaporative demand in the more exposed site. Alternatively. the loose growth form in the dense forest might be a consequence of etiolation in the shaded forest environment.
Effect of Moss Species
[29] Thc moisturc cxpcrimcnt madc clcar that thc lowcr evaporation rates for Hylocomium containers in dry periods in the habitat experiment were the result of drying out of the Hylocomium. Water content, whether expressed on a volume or mass basis, of the top 5 cm or the whole moss1 soil column, was always lower in Hylocomium than in Sphagnum. Sphagnum is famous for its large water-holding capacity. Water is not only stored in large hyaline cells, but also outside the plant in cavities between the stem and pendant branches [Hayward and Clymo, 19821 . In addition to the large water-holding capacity, Sphagnum is capable of supplying the top parts (capitulum) with water fkom below by capillary rise (Table 6 ). Particularly compact Sphagnum species with a dense growth form, such as Sphagnz~mcapillfoliz~m, are very good at wicking up water [Titus and Wagner, 19841. [30] Polytrichum had even lower water content than Hylocomium, but its evaporation rate was intermediate between Sphagnum and Hylocomium in the first dry week of the moisture experiment. This confirms that Polytrichum must have some mechanism for water transport (Table 6 ) [Callaghan et al., 1978; Skre et al., 19831 , The plant has some vascular-like properties; it has rhizoids that absorb water, and water is transported to the top parts through conducting tissues inside the plant [BayJield, 19731. No mechanisms of water transport are known for Hylocomium or othcr fcathcr mosscs [Callaglzaiz et al., 19781. [31] Hylocomium was the only species studied that reacted strongly to water additions, but a high water level per se did not increase evaporation. This suggests that in addition to microclimate, precipitation frequency is an important factor for evaporation in this species. Earlier work had shown that growth of Hylocorniurn is very sensitive to moisture conditions. Monthly growth rates were strongly correlated to precipitation fkequency [Busby et al., 19781 , and experimental water additions resulted in an increased cover of Hylocomium [Phoenix et al., 20011 . The period of measurement (summer 2002) was much wetter than normal, resulting in relatively small differences bctwccn Hyloconziunz and Splzagizunz cvaporation ovcr thc entire growing season.
Conclusions
[32] Assu~ni~lg a total forest evapotranspiration rate of 2 mm dayp1, this study shows that moss evaporation can contribute considerably (15 to 45%) to boreal black spruce forest evapotranspiration. The moss contribution depends strongly on the openness of the forest and to a lesser degree on which moss species is present. The strong influence of the habitat suggests that microclimate is the primary factor dctcrmining moss cvaporation ratcs. Radiation and wind arc the most likely climate variables explaining differences between sites, but in this study we could not determine which is most important. In dry periods, Hylocomium evaporation was reduced relative to Sphagnum evaporation, particularly in the more exposed sites. Owing to limited water-holding and transporting capacities, this species dries out quickly, whereas Sphagnum can continue evaporating at a high rate. Hylocomium evaporation in the open forest reacted strongly to experimental water additions, indicating that precipitation fkequency is an important factor in addition to microclimate for this species. Given the large moss evaporation rates in this study, understory contributions cannot be ignored when interpreting eddy covariance data for whole forests. As the moss species differed in response to moisture conditions, the species composition of the moss layer should also be taken into account.
